Using double-V-notched specimens of austenitic steel SUS310S with high ductility, creep rupture tests are conducted in tension, torsion and combined tension-torsion stress states at 700℃. Creep fracture surfaces of the ruptured notches as well as longitudinal sections of the un-ruptured notches are observed in detail with scanning electron micrographs. The creep fracture modes and the initiation and growth behaviors of creep voids in the notched specimens under the stress conditions stated above are investigated and discussed, based on the stress distributions in notch cross-sections calculated by finite element method. It is confirmed that the mean stress in a specimen at a multi-axial stress state promotes the brittle creep fracture. It is also suggested that the von Mises effective stress and the mean stress promote the initiation of creep voids and their growth, respectively.
Introduction
Up to now innumerable investigations have been made upon the creep properties of smooth or notched specimens at various stress states for heat resisting steels. Some of them have been made on the creep rupture properties of the materials loaded in torsion, combined tension-torsion, internal pressure or bending stress states, and so forth (1) - (3) . It has been known that the multi-axial creep strengths are influenced not only by the materials characteristics but also by the multi-axial stress components, such as the von Mises effective stress, the maximum principal stress and so on (1) , (4) - (8) . However, effects of the multi-axial stresses on the creep fracture behaviors of materials at complex stress states, which are very important for the safety and the efficiency in designing of high-temperature components, have not been made clear. This work focuses on the effects of the multi-axial stress components on the creep fracture modes as well as the initiation and growth behaviors of creep voids in heat resisting steels. For this purpose, using double-V-notched specimens of austenitic steel SUS310S with high ductility and high metallographic stability, creep rupture tests are conducted in tension, torsion and combined tension-torsion stress states at 700℃. In addition, the creep fracture surfaces of ruptured notches as well as the longitudinal sections of the un-ruptured notches are observed in detail with a scanning electron microscope (SEM). Furthermore, on the basis of the steady state stress distributions in notch cross-sections calculated by finite element method (FEM), the multi-axial creep fracture behaviors of the notched specimens in present tests are discussed. 
Experimental Details
Commercial austenitic steel with high ductility and high metallographic stability, SUS310S (0.05%C -0.42%Si -1.19%Mn -0.03%P -0.025%S -19.36%Ni -24.36%Cr -bal. Fe) was used in this work. Steel bars with a diameter of 16mm were solution-treated at 1100℃ for 1h. The mechanical properties of the solution-treated steel at room temperature and at 700℃ are listed in Table1.
Double-V-notched specimens, which were machined to circumferential 60°V-notched specimens with a diameter of 6mm and a root radius of 0.5mm at the notches, were used in this work. Figure 1 shows the geometry of a double-V-notched specimen. Creep rupture tests were performed on the notched specimens in tension, torsion and in two types of combined tension-torsion stress states. In the two types of combined tension-torsion stress states, the ratios of applied tensile stress to applied shear stress at the notch roots were 1:1 and 2:1, respectively. The creep rupture tests were conducted with tension-torsion creep test machines. The test temperature was controlled in a range of 700±1℃ by means of a thermoelectric couple placed on the test area of each specimen.
For each tested specimen, the creep fracture surface of a ruptured notch as well as the longitudinal section of another un-ruptured notch which was etched with the chemical solution (25vol.%HCl＋50vol.%HNO 3 ＋25vol.%Glycerlin) after mechanical polishing, were observed in detail with SEM. The fraction of creep voids on grain boundary lines (9) , i.e., a fraction of total length of creep void areas on the grain boundary lines, was measured on the SEM micrographs of the un-ruptured notch. Also, the average diameter of creep voids was calculated. Because each void area observed on the longitudinal sections was just only a cutting plane of a spherical void, in this work the average diameter of the spherical creep voids was calculated approximately from these cutting planes using Fullman's method (10) , (11) .
To clarify the creep fracture behaviors of the notched specimens, distributions of the multi-axial stress components in the notch cross-sections of the specimens at steady creep states were analyzed with FEM, using MSC/Nastran for windows. Due to the symmetry of deformations, 1/8 of each notch was modeled with solid elements for the specimens in tension creep and in torsion creep; a half of a notch was modeled for the specimens in combined tension-torsion creep tests. Figure 2 shows the two types of FEM models. The mechanical properties shown in Table1 and the tensional and torsional creep properties obtained in creep rupture tests on smooth specimens (8) of the steel SUS310S were used in the FEM analyses.
Results and Discussions

Creep fracture behaviors
Creep rupture lives of the double-V-notched specimens tested in this work were listed in Table 2 . Figure 3 gives examples of SEM micrographs showing the creep fracture surfaces of the ruptured notches. For the specimens ruptured in tension creep and in combined tension-torsion creep tests, the creep fracture surface exhibited a mixed fracture mode of the brittle fracture near the notch root and the ductile fracture in the central area. Furthermore, it was also noticed that the brittle fracture occurred easily in tension creep than in the combined tension-torsion creep tests. On the other hand, the specimen ruptured Longitudinal section of an un-ruptured notch 1: Near the notch root; 2: Between the notch root and specimen center; 3: Specimen center region.
in torsion creep exhibited a complete ductile fracture of shear type, showed the same fracture mode with that of the smooth and single-V-notched specimens, previously tested in torsion creep (12) .
The longitudinal sections at the un-ruptured notches of the specimens tested at various applied stresses were observed in detail. A part of the SEM micrographs are shown in Fig. 4 . As shown in Fig. 4(a-1～a-3) , in the SEM micrographs of the specimen tested in tension creep, many creep voids can be observed on grain boundaries. It can be also found that the larger intergranular cracks formed at the region near notch root. In the SEM micrographs of the specimens tested in combined tension-torsion creep and in torsion creep, as shown in Fig. 4(b-1 ～ b-3) and Fig. 4(c-1 ～ c-3 ), many creep voids can be observed in the longitudinal sections especially near notch roots. Furthermore, the considerably shear-deformed grains can be also observed near the notch root of the specimen tested in torsion creep.
With the SEM micrographs of the longitudinal sections at the un-ruptured notches, fractions of creep voids on grain boundary lines and their average diameters were measured. The results are plotted in Figs. 5 and 6 , in which the abscissa of r/R shows a fractional distance from specimen center (r/R=0) to notch root (r/R=1). As shown in Fig. 5 , at any stress states the fraction of creep voids on grain boundary lines can be found to increase from specimen center to notch root. And, it becomes larger with lengthening of creep rupture life by decreasing the applied stresses. The average diameter of creep voids formed in each specimen, as shown in for that in torsion creep, the average diameter of creep voids exhibited an increasing tendency with lengthening of creep rupture life by decreasing the applied stresses. While in torsion creep, the average diameter of creep voids becomes smaller than those in other stress states. And it did not increase further from specimen center to notch root with decreasing applied stresses. Figure 7 shows the fraction and the average diameter of creep voids formed on grain boundary lines in the notched specimens having a rupture life of 700 hours or thereabout. With the variation in stress state from tension to torsion, the fraction of creep voids at the specimen center area has a decreasing tendency, while it shows no larger variations at other areas. On the other hand, the average diameters of creep voids at any areas in the notched specimens decreased from tension to torsion.
Influences of multi-axial stresses on creep fractures
It is well known that a notch can cause a multi-axial stress state, and the multi-axial stress components in the notch cross-section affect the creep fracture behaviors strongly. In this work, the von Mises effective stress and the mean stress in the notch cross-sections of the specimens at steady creep states were calculated with FEM. The results of FEM analyses are plotted in Fig. 8 , in which the abscissa of r/R shows a fractional distance from specimen center to notch root as the same as in Fig. 5 and Fig. 6 . As shown in Fig. 8(a) , at any stress states the von Mises effective stresses are smaller at the center areas of the specimens and become larger with approaching to the notch root. The mean stresses in the specimens in tension creep and in combined tension-torsion creep, as shown in Fig. 8(b) , have an increasing tendency from the specimen center to notch root. The specimens in combined tension-torsion creep tests have the maximum values at the notch root, and the one in tension creep has the maximum value at a region near the notch root. On the other hand, the mean stress in the specimen in torsion creep approximates to 0.
The notched specimens ruptured in different stress states were confirmed to exhibit
Fraction of creep voids on grain boundary lines (%)
Average diameter of creep voids (μm) different creep fracture modes in this work. As comparing the test results shown in Fig.3 with the FEM results shown in Fig. 8 , in the tension creep and in the two types of combined tension-torsion creep tests, the brittle fracture was found to occur much easily at the region where the mean stress shows the maximum value. For the specimens in torsion creep tests, in which the mean stress was 0, the brittle fracture did not appeared on the fracture surfaces. By these reasons, it should be considered that the mean stress component in the specimens at multi-axial stress states promotes the brittle creep fracture. It has been reported, for a long time now, that the von Mises effective stress and the mean stress in the specimens influence strongly on the multi-axial creep fractures (13) , (14) . To make clear for the effects of the multi-axial stresses on the initiation and growth behaviors of creep voids, relations between these stress components in the notch cross-sections at steady creep states analyzed by FEM, with the fraction on grain boundary lines of creep voids as well as their average diameters at the same areas in the specimens having a rupture life of about 700h, are plotted in Figs. 9 and 10, respectively. In Fig. 9 , it can be found that the fraction of creep voids on grain boundary lines has no relationships to the mean stress, but it is relative to the effective stress. On the other hand, in Fig.10 the average diameter of creep voids has no obvious relationships to the effective stress, but it becomes larger with increase of mean stress. From these results, it should be presumed that the von Mises effective stress and the mean stress in the specimens of austenitic steel SUS310S at multi-axial stress states promote the initiation of creep voids and their growth, respectively.
Conclusion
In this work, using double-V-notched specimens of austenitic steel SUS310S with high ductility, creep rupture tests are conducted in tension, torsion and combined tension-torsion stress states at 700℃. Effects of multi-axial stress components distributed in the notch cross sections of the specimens at steady states on the creep fracture behaviors are investigated in detail. It is confirmed that the mean stress component in a specimen at a multi-axial stress state promotes the brittle creep fracture. Furthermore, it is suggested that in a specimen at a multi-axial stress state the von Mises effective stress and the mean stress promote the initiation and growth of creep voids, respectively.
